An acoustic reflection tomography method was applied to multichannel seismic reflection data acquired close to the Ocean Drilling Program Leg 164 Blake Ridge bottom-simulating reflector (BSR) transect, to reconstruct the local velocity field associated with gas hydrates and free gas in the sediment pores and to qualitatively assess gas hydrate and free gas abundances.
INTRODUCTION
Gas hydrates are concentrated in sediments of the continental rise off the southeastern United States (Paull and Dillon, 1981) , particularly in the broad Blake Ridge, which extends seaward approximately perpendicular to the general trend of the continental margin and continental rise (Fig. 1) . The Blake Ridge is believed to be a giant sediment drift deposit (Tucholke et al., 1977) that has accumulated since about Oligocene time (Dillon and Popenoe, 1988) . Seismic profiles collected over the Blake Ridge area and the continental rise are marked by a large-amplitude reflection, the bottom-simulating reflector (BSR), which parallels the seafloor. Most studies explained the BSR by the significant impedance contrast between sediments containing gas hydrates lying above sediments devoid of gas hydrates and/or filled with free gas. Results from previous Deep Sea Drilling Program surveys in this area (Leg 11) only inferred that the BSR corresponds to the base of the gas hydrate stability zone (Shipboard Scientific Party, 1972) . Gas hydrate-bearing sediments were first observed during Leg 76 of DSDP Site 533 on the outer part of the Blake Ridge, confirming the existence of gas hydrates in this area (Kvenvolden and Barnard, 1982) .
Leg 164 purposely located a transect of sites to penetrate the Blake Ridge BSR, with the major objectives to investigate its nature, to explain its noticeable changes in reflection strength in terms of lateral variations in hydrate or free gas concentration, and to determine its relationship to the presence and amount of gas hydrate and/or free gas in the sediment pores. The nature of the sedimentary section in this area is very uniform, as demonstrated by sedimentary and mineralogical analysis performed on board; only small lithologic variations occur within the uppermost 150 m . Indirect techniques for estimating gas hydrate concentrations employed the chloride ion content (Cl -) of pore water as indicator. During gas hydrate formation, water and methane are removed from the pore waters, leaving residual pore waters increasingly saline. Over time, these locally elevated chloride concentrations diffuse away. When gas hydrates decompose in sediments during drilling, they release water into the pore space, freshening the pore waters. Pore-water profiles at the three sites revealed that more than 8% of volume of some samples, and on average more than 1% of the samples from a 200-to 250-m-thick zone above the BSR, were filled with gas hydrate. , interpreted to signify that gas hydrate is not present. Gas volume determinations (deploying a Pressure Core Sampler) at 17 depths at Sites 995 and 997, revealed that the pore space contains more than 12% gas bubbles in the free gas zone beneath the BSR, assuming gas exists in oversaturated pore water. This result suggests that the volume of gas in the free gas zone has been underestimated in the literature for this area (Dickens et al., 1997) .
In this paper, we applied tomographic seismic techniques on multichannel seismic reflection data (MCS) to reconstruct the acoustic velocity distribution associated with the Blake Ridge BSR along Sites 994, 995, and 997. This technique provided a qualitative approach to determine the presence of gas hydrates and free gas in the surveyed area. Moreover, we propose a theoretical method for estimating the amount of gas hydrates and free gas in marine sediments. The results of these two independent methods are then compared to those obtained using direct (downhole logging velocities, VSP profiles, and core measured index properties) and indirect methods (chloride contents) carried out during Leg 164 on the three Blake Ridge sites. The consistency of the obtained values shows the validity of the method that can be used to extrapolate elastic parameters for velocity estimations in porous media.
ACOUSTIC CHARACTER OF THE BLAKE RIDGE BSR
The two multichannel seismic profiles we used for this study (Fig.  2) , are not located exactly on the three holes, but these data are the closest MCS data available collected along the Blake Ridge BSR transect (the tomographic method requires MCS data). The average distance between the MCS profiles and the three sites is about one marine mile, and we projected the site positions orthogonal to the MCS strike. We assume that the lithology, elastic properties of the sediments, and the abundances of clathrates and free gas remain the same as those revealed along the BSR transect. The southern line is oriented north-south, and the northern line is oriented approximately north 25° east. Seismic data were shot by the Teledyne Exploration Company in the 1970s (Gilbert, 1977) , using an air-gun source with volume 4 × 540 in 3 (shot spacing 50 m) to yield 48-fold coverage, a nonlinear analog streamer 3.6 km long (50 m spacing between traces 48 through 25, 75 m spacing between trace 25 and 24, 100 m spacing between traces 24 through 1). The sampling interval was 2 ms. Spherical divergence correction has been applied on field data.
The seismic profiles cross the Blake Ridge crest orthogonally. The three holes are located at water depths of 2799 m (Site 994), 2777 m (Site 995), and 2770 m (Site 997). Sites 995 and 997 are characterized by a strong BSR, whereas Site 994 does not show any evidence of BSR. The nature of the sedimentary section in this area is very uniform, and consists primarily of homogeneous nannofossil-rich clays, with lithologic variations occurring only within the uppermost 150 m . The profiles show a thinbedded sequence of reflectors in the upper 0.13 s below the seafloor. Lithologic variations mainly related to calcium carbonate content can account for these shallow reflections. Some bottom current-related features (sediment waves) on the northeastern flank of the Blake Ridge are seen.
The Blake Ridge BSR is a well-defined, high-amplitude reflection with a single symmetrical pulse; it crosses the seismic horizons that reflect the position and orientations of sedimentary layers, and it must therefore be younger and superimposed upon the acoustic sedimentary structure. Its seismic character is variable through the section; it is strong at Sites 995 and 997, and (from Sites 995 to 994) disappears gradually. The low reflectance seen on the seismic profile above the BSR-that is, the "blanking" effect known in literature (Shipley et al., 1979; Lee et al., 1993 )-can be explained as the naturally low background reflectance caused by the uniform sediments (Holbrook et al., 1996) . steps: (1) identification of acoustic discontinuities (horizons) and determination of relative traveltimes for various source-receiver positions (picking of horizons); and (2) local velocity model estimations by an iterative procedure (data inversion).
THE REFLECTION TOMOGRAPHY METHOD
The reflection tomography algorithm adopted here is described in detail by Carrion et al. (1993) . We will present the results obtained from the Blake Ridge seismic data. Here we briefly review its basic concepts, which can be useful to interpret the velocity diagrams presented later. The geometrical model (depth-distance) is put into discrete units (pixels), which are zones where the propagation velocity of seismic waves is assumed to be constant. Each pixel's shape may be quite irregular. Their lateral boundaries are vertical straight lines, while the upper and lower boundaries coincide with the interpreted reflecting interfaces (horizons). In this way, a vertically averaged velocity is estimated between the upper and lower reflector. The iterative inversion procedure starts with a reasonable initial model. Rays are traced to simulate the seismic wave propagation in that velocity field and the reflector position. At each step, the velocity distribution is updated first, obtaining an estimate of the depth location of the reflection point for each source-receiver position and for each considered reflector. Then, observing the pattern and the dispersion of these reflection points, we can formulate a new prediction about the reflector's structure and modify the local velocity. In fact, the possible presence of lateral velocity gradients is revealed by a spatially organized dip of reflection points as a function of the offset between source and receiver. The final solution is obtained by alternatively iterating these two steps, until a minimum dispersion of the reflection points related to different shots and offsets is obtained for all horizons.
The picking accuracy is limited by various effects, such as the presence of noise, the interference with other events, phase rotations at supercritical incidence angles, and so on. We therefore have to consider this point in a statistical sense, and this means that some averaging process is still necessary for our velocity estimation. In addition, we can say that the expected horizontal resolution is on the order of the trace spacing, which is 100 m in our case, corresponding to the maximum value of the trace spacing in the acquisition geometry. This value is different by one order of magnitude with respect to that provided by stacking velocity analysis, which is on the order of the spread length (Boehm et al., 1995) . The systematic error in the tomographic inversion in determining the velocity and the reflection depth points is about 3%. This value is estimated comparing the real traveltime table (the picking of the seismic data) and the synthetic traveltime table obtained with the final velocity model. Some considerations should be made regarding the available and required seismic resolution to detect gas hydrate-or free gas-bearing sedimentary layers whose thickness are below a given threshold. A spectral analysis of the seismic arrivals from the BSR in our MCS data has shown that the dominant frequency is ~30 Hz. The corresponding wavelength at the target depth is about 50 m. In the case of wavelengths larger than or approximately equal to the expected thickness, we may not be able to receive distinct and well-resolved reflections from both top and bottom of these layers. In addition, amplitude interference may impede the signal recognition in the seismic sections. There are two main reasons why tomographic inversion of traveltimes is able to significantly increase the resolution: (1) the picking of seismic reflections transforms them practically into instantaneous events (the method assumes that the reflection event occurs in correspondence of the amplitude maximum), and (2) each event preserves its individual contribution to the velocity estimation during the whole inversion procedure.
Traveltimes, as described, are provided by the picking of seismic reflections in common-shot and common-offset gathers. We inverted the arrival times of 10 contiguous hydrophone groups (seismic traces) with spacing of 100 m, providing a minimum offset of 2525 m. We selected these traces for two reasons: (1) the trace spacing must be constant within a shot gather (it is essential in our method), and (2) the selected traces provided the optimum reflectivity and amplitude response on contiguous shot gathers. This choice has been also conditioned because the amplitude of horizons in gas-bearing layers is particularly high on far traces (Rutherford and Williams, 1989) . Four horizons have been picked on common-shot gathers (Fig. 3) and common-offset displays for tomographic inversion. Horizon 1 corresponds to the seafloor, horizon 2 lies at an average depth of about 100 mbsf, and may correspond to a level of a major change in the sediment composition (as revealed from lithologic analyses), horizon 3 is the BSR, and horizon 4 is a less continuous horizon found immediately below the BSR, which progressively weakens on either side of the Blake Ridge transect. No laterally continuous reflectors suitable for picking have been found between horizon 2 and the BSR. This reduced in part the vertical resolution of the method in this interval, with some averaging process in the velocity estimations. Below horizon 4, numerous reverberations produced by ringing between the upper (BSR) and lower boundary (horizon 4) are present, which can be interpreted as interbed multiple reflections; this effect is characteristic of gassy sediments (Fu et al., 1996) . Horizon 4 can be thus considered an internal reflector within the entire gas-bearing layer.
The results of the tomographic analysis (Fig. 4) indicate a 2-D velocity field from seafloor to the BSR that is consistently lower than the velocity curve of a normally compacted marine terrigenous sequence (Hamilton, 1979) . This results from the higher porosity, the lower bulk density, and the lower rigidity of the sediments revealed from both logging data and core measurements compared to normally consolidated sedimentary sections . Tomographic velocities increase from 1600 to 1800 m/s from horizon 2 to the BSR. Our result is in accordance with the velocity model obtained from traveltime inversion performed by Katzman et al. (1994) . Between the BSR and the reflector ~80 ms below, the interval velocity drops to about 1300-1650 m/s, which indicates the presence of free gas in the sedimentary sequence. The picked horizon 4 below the BSR may represent one of shallower gas-bearing layers present underneath the gas-hydrate zone. At the projection of Site 994, only a slight decrease in the velocity trend has been revealed (from 1750 to 1650 m/s), indicating a small amount of free gas occupying the pore spaces. The thickness of the layer bounded by the BSR and horizon 4 gradually decreases away from the axis of the Blake Ridge, testifying that free gas in the sediments accumulates preferentially at the crest of the ridge. The presence of gas hydrates in the sediments, as indicated by the occurrence of the BSR, acts as a trap obstructing the upward gas migration. Seismic velocities obtained from vertical seismic profiles (VSPs) performed in the three Blake Ridge drill holes (Holbrook et al., 1996) , are consistent with the tomographic velocity trend, with decrements in the velocities at 440-450 mbsf at Sites 995 (BSR depth 440 ± 8 mbsf; Ruppel, 1996) and 997 (BSR depth 464 ± 8 mbsf; Ruppel, 1996) and a deeper (550 mbsf) decrement at Site 994, where no BSR is observed. The extrapolated thickness of gas-bearing layers from VSP results is at least 250 m, about three times the value obtained from the tomographic method. This discrepancy can be explained considering that (1) the MCS profiles are not exactly on the Blake Ridge BSR transect, and (2) in the tomographic method, the picking of horizon 4 below the BSR masked the possible recognition of further low-velocity layers underneath it, as previously discussed.
The interval velocities found in the layers picked above the BSR do not support the presence of high-velocity hydrate-bearing sediment layers; however, local lateral velocity variation on the order of 100 m/s have been found. These slight deviations from the 1700-1800 m/s range cannot be attributable to some significant lithologic variations. Higher velocities have been identified at the projection of Site 997, which might suggest localized concentration of gas hydrates. We are unable to effectively define a velocity gradient between the seafloor and the BSR, because we have only one additional picked horizon in that interval and, thus, only two averaged velocities can be identified.
COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL VELOCITY CURVES
The local acoustic velocity field obtained with the tomography method, and the velocity trends derived from in situ (borehole logging, VSPs) and laboratory-related measurements, can be compared to the theoretical velocity function in water-filled porous media. Significant positive deviations between theoretical and experimental curves can be related to presence of clathrates, and negative deviations can be associated to free gas-bearing sediments.
To derive the theoretical velocity trends, we used Gaussman's equations with an explicit dependence on differential pressure and depth. The compressional (V p ) and shear (V s ) velocities expressed for water-filled porous media, in which there are two solid components (matrix and gas hydrates), and for fluid-filled porous media, where the fluid is a mixture of free gas and water, are those given by Domenico (1977) . The V p and V s velocities are given by the following formulas:
and Parameters are defined in Table 1 .
To compute the theoretical velocity, we used the density and porosity trends available from laboratory measurements at the three sites (index properties of recovered cores), instead of downhole logging measurements. Core-measured densities are generally greater than the downhole logging values at the three Blake Ridge sites , contrary to typically observed results, which yield lower laboratory values, because of the "elastic rebound" affecting the sediment specimens after recovery. This discrepancy has been attributed to the degraded borehole conditions at the three sites. The curves of porosity vs. depth obtained from core measurements and logging runs are generally more comparable than the density curves, because the resistivity-derived porosities are less affected by poor borehole conditions. The progressively increasing discrepancies between the index properties and borehole logging curves found from Site 994 to Site 997 raises the possibility that gas hydrate dissociation and core disturbance during drilling degraded the boreholes (variations in size and rugosity), with significant loss of quality of the log measurements. The experimental error that is associated with the elastic parameters we used propagates in the velocity determination, and therefore is difficult to predict. Figure 5 relates theoretical velocities derived from index properties data (for water-bearing sediments) with logging velocity vs. depth at the three Blake Ridge sites. The tomographic velocity and the VSP-derived velocity trends have also been included in the plot for comparison. The logging velocity curve at Site 994, where no BSR is observed, shows a decrease starting from below 400 mbsf, with values ranging from 1700 to 1800 m/s. No significant increases in velocity have been found in the interval 200-400 mbsf, where direct and indirect techniques revealed small amounts of hydrates present in the sediments . This confirms that irregularly disseminated, small-crystal gas hydrates cannot produce a recognizable increase in the acoustic velocity in the sedimentary column. At Site 995, two main minima in the logging velocity curve testify to the presence of free gas in the sediment pores at levels below the BSR, with the lower velocities occurring at 600 mbsf (1600 m/s). In this hole, logging velocity values diverge from the theoretical curve in the interval 200-440 mbsf, where direct and indirect methods revealed gas hydrates present in the sediment section. At Site 997, major fluctuations in the downhole logging velocity curve occur (see Fig. 5 ). In particular, two spikes in the function are found at the BSR depth and at 600 mbsf, indicating free gas accumulations in the sediment pores. In this hole, the logging velocity curve gradually diverges from the theoretical curve in the depth interval between 260 and 450 mbsf, indicating an increasing abundance of gas hydrates vs. depth.
ESTIMATES OF FREE GAS AND GAS HYDRATE CONCENTRATIONS AT THE BLAKE RIDGE SITES 994, 995, AND 997
The discrepancies between experimental and theoretical velocity profiles can be related to concentration of gas hydrates and free gas in the pore space. Where we observe measured velocities greater than theoretical velocities we infer the presence of gas hydrate with variable concentration in the pore spaces. To obtain the amount of clathrates in the sediments, we progressively increase, in the theoretical formula, the parameter related to the concentration of gas hydrates (c h ), until we fit the trend of the experimental downhole logging velocity curve. An analogous procedure is followed when the measured velocities are lower than the theoretical velocities. In this case, the theoretical velocity is obtained assuming a mixture of water and free gas in the pore spaces, with variable saturation (s w and s g , respectively). At the end of this calculation, we built a discrete model of layers where only water-and gas hydrates-and/or free gas-bearing sediments, with different concentration, are present. Table 2 summarizes the parameters we used for the computation. The results obtained for the three holes are shown in Figure 6 , displaying gas hydrate concentrations vs. depth. At Site 994, no free gas has been revealed, as confirmed by other direct and indirect measurements, and the presence of methane hydrate is mainly confined between 280 and 450 mbsf. Small oscillations in gas hydrate concentrations below 450 mbsf are mostly because of velocity variations. At Site 995 we interpret a progressive increase of clathrate concentration from 260 to 440 mbsf (up to 12%), whereas the free gas amount is no more than 1%. At Site 997 we observed a trend similar to the previous site in the methane hydrate and free gas quantities, but the percentages are greater for both components (20% and 4%, respectively). Indirect techniques for estimating gas hydrate concentrations (results of Cl -content of pore water; revealed that some samples contained as much as 8% gas hydrate, and average concentration was 1% in a 200-to 250-m-thick zone above the BSR. Beneath 450 mbsf, chloride values are nearly constant. Gas-volume determinations (from the Pressure Core Sampler) at 17 depths at Sites 995 and 997, revealed that the pore space contains more than 12% gas bubbles in the free gas zone beneath the BSR, assuming that gas exists in oversaturated pore water (Dickens et al., 1997) .
Quantitative differences between the theoretical and experimental concentration curves for gas hydrates depend mainly on two factors. The first is related to some parameters (the rigidity and the compressibility) in the calculation of theoretical velocity, which are difficult to measure and which significantly influence the results. The second is related to some experimental errors in the downhole logging velocity, as discussed, which are fundamental for the estimation of the concentrations. The comparison between gas hydrate determined from theoretical and chloride concentrations (see Fig. 6 ) shows that the trends are quite similar. For free gas concentrations in the sediment pores, the velocity trend is very sensitive to small variations of free gas concentration. Moreover, the downhole logging velocities are not very accurate in the free gas zone because of poor borehole conditions, as previously reported. That explains the significant discrepancies between the quantities of free gas in the experimental and theoretical calculations, and the nonuniform gas distribution in the sedimentary section (Domenico, 1977) .
CONCLUSIONS
Velocity estimations derived by tomographic inversion of traveltimes conducted on two multichannel seismic reflection profiles lo- Compressibility of free gas
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cated close to the Blake Ridge BSR transect, allowed us to identify: (1) the occurrence of lateral velocity anomalies associated with the presence of gas hydrates in the sediments, and (2) the presence of a low velocity zone, indicating a free gas-bearing sediment layer beneath the BSR.
For this specific case, the low signal-to-noise ratio of the seismic response, the unsuitable seismic acquisition geometry for the tomographic method, and the intrinsic low reflectivity of the sedimentary section in this area (very homogeneous clay formation) that prevents picking of an adequate number of horizons, all combine in reducing the tomography resolution limit. The velocity resulting from the tomography method is similar to that found from VSP measurements, with the presence of an abrupt velocity decrease below the BSR at Sites 995 and particularly at Site 997, where free gas concentrations are supposed to be more substantial (Holbrook et al., 1996) . The reasons for the discrepancy in thickness of the low-velocity zone resulting from the two methods is mainly because of the fact that the MCS line is not exactly positioned along the BSR transect, and that significant gas accumulation variations can be hypothesized in this area, as well as different gas hydrate saturation.
A theoretical approach to calculate gas hydrates and free gas concentrations, derived from the elastic theory for porous media, has furnished values comparable to those obtained with indirect techniques for gas hydrate abundances (chloride ion contents), and has revealed the presence of free gas in the sedimentary pore space.
In conclusion, this method appears appropriate to reveal and quantify the presence of clathrates in marine sediments, and can be applied in areas where no direct data (downhole logging, samplings) are available. Figure 5 . Theoretical velocities in water-filled porous media (without gas hydrate and free gas), obtained using core-measured porosity and density (from index properties). The downhole logging velocities , the VSP-derived velocities (Holbrook et al., 1996) , and the interval velocities derived from tomographic inversion of traveltimes are also plotted for comparison. Figure 6 . Pore-space concentration of gas hydrate estimated from the deviation of the theoretical velocity from the downhole logging velocity (solid line) and experimental value at Sites 994, 995, and 997 (chloride contents = dots).
